AlGaN/GaN metal-semiconductor-metal (MSM) ultraviolet (UV) photodetectors with photo-chemical vapour deposition (photo-CVD) annealed Ni/Au semi-transparent contacts were fabricated. It was found that the transmittances of Ni/Au films increased while the photodetector dark currents became significantly lower after annealing. With a 5 V applied bias, it was found that the photocurrent to dark current contrast ratio and the maximum responsivity were 2.3 × 10 4 and 0.166 A W −1 for photodetector photo-CVD annealed at 550
Introduction
Recently, much attention has been focused on nitride-based materials due to their wide direct bandgap, high saturation velocity and high thermal conductivity. These properties make nitride-based materials potentially useful in optoelectronic, high frequency and high power devices. For example, the large bandgap energy of GaN-based materials makes them useful for UV photodetectors with high UV/visible rejection ratio. Such UV photodetectors are important components in a variety of military and commercial applications, such as space communication and ozone detection [1] . To our knowledge, various types of GaN-based photodetectors have been reported [2] [3] [4] [5] [6] [7] [8] . Among them, Schottky contact metalsemiconductor-metal (MSM) photodetector structures are of planar configuration and are suitable for integration with field effect transistors (FETs) [9] .
The lateral, planar structure of MSM photodetectors also results in extremely low capacitances, which match well with the requirements of large bandwidth and low-noise performance.
For MSM photodetectors, a low Schottky barrier height will result in a large dark current. On the other hand, transparency of the contact material determines the number of photons entering the semiconductor. To achieve high performance MSM photodetectors, it is thus important to choose metal contacts with large Schottky barrier heights and high transparencies. In the literature, Ni/Au is often used as the semi-transparent ohmic contact on p-GaN [10] [11] [12] . However, it has also been found that Ni/Au could form good Schottky contact on n-GaN and n-AlGaN [13] [14] [15] [16] . In this study, Ni/Au semi-transparent contact layers were deposited on unintentionally doped nitride epitaxial layers for the fabrication of MSM UV photodetectors. In some cases, the as-deposited Ni/Au contacts were annealed in O 2 by photo-chemical vapour deposition (photo-CVD) to improve the performance of the devices. It should be noted that the excitation source of our photo-CVD system is a deuterium (D 2 ) lamp. The properties of the fabricated photodetectors and the effects of photo-CVD annealing will both be reported.
Experiment
Samples used in this study were all grown on c-face (0001) sapphire substrates by metalorganic chemical vapour deposition (MOCVD) [17] [18] [19] . The AlGaN/GaN twodimensional electron gas (2DEG) samples consist of a 30 nm thick low temperature GaN nucleation layer, a 2 µm thick undoped GaN layer, a 5 nm thick undoped AlGaN layer and a 100 nm thick Si-doped AlGaN layer. Ni/Au (3 nm/6 nm) was subsequently deposited on the AlGaN/GaN 2DEG samples to serve as the Schottky contacts by thermal evaporation. The contact pattern of the fabricated MSM UV photodetectors consists of two inter-digitated contact electrodes. Such interdigitated contact electrodes were fabricated through standard lithography and etching. The fingers of the contact electrodes were 5 µm wide and 85 µm long with a spacing of 5 µm. To improve the device performance, the Ni/Au contacts were subsequently annealed by photo-CVD at various temperatures in O 2 for 3 min.
In order to measure the transmittance of the contact electrodes, a Ni/Au layer with the same thickness was also deposited on glass substrates. The transmission spectra of the as-deposited and photo-CVD annealed Ni/Au layers were then measured by a HITACHI UV/VIS spectrophotometer. A Keithley-2400 semiconductor parameter analyser was used to measure the current-voltage (I-V ) characteristics both in the dark and under illumination. For photocurrent measurements, a 150 W D 2 lamp was used as the light source. For spectral responsivity measurements, a xenon arc lamp was used as the light source and the standard synchronous detection scheme was employed to measure the front-side illuminated detector signal.
Results and discussions
We first measured the transmittances of the Ni/Au layers on glass substrates. Figure 1 shows normalized light transmission spectra of the as-deposited and photo-CVD annealed Ni/Au layers. In this figure, the transmittance of each film was normalized with respect to the transmittance of the glass substrate. It was found that transmittance of the as-deposited Ni/Au film was less than 67% in the region between 350 and 700 nm. It was also found that the transmittance of the Ni/Au layers became larger after annealing. With a 550
• C photo-CVD annealing in O 2 for 3 min, it was found that we achieved a transmittance higher than 85% in the spectral region between 350 and 400 nm. We believe such improvement can be attributed to the formation of transparent NiO in the Ni/Au alloy. Previously, it has been shown that a D 2 lamp emits a strong radiation between 110 and 170 nm, which can effectively decompose O 2 . Therefore, O 2 molecules can be dissociated easily into oxygen atoms, such as O ( 3 p) and O ( 1 d), in our photo-CVD system with a D 2 lamp. Thus, these excited oxygen atoms can react with Ni to form a transparent NiO layer. As the annealing temperature was increased to 600
• C, Ni/Au transmittance became smaller probably due to the formation of a rough Ni/Au layer surface. Such a rough surface could enhance light scattering losses and thus degrade the film transparency. Figures 2 and 3 show I-V characteristics of the fabricated 2DEG MSM UV photodetectors measured in the dark and under illumination, respectively. As shown in figure 2 , it can be seen that dark currents became significantly lower after photo-CVD annealing. Such a reduction can again be attributed to the formation of NiO layers since NiO is p-type in nature. and annealed by photo-CVD at 550
• C are 0.75 and 0.97 eV, respectively. Again, the higher Schottky barrier height of the photo-CVD annealed sample was attributed to the presence of the p-type NiO layer. As shown in figure 3 , it was found that the photocurrents including the dark currents also decreased after annealing. Since the Ni/Au layers became more transparent after annealing, more photons should be absorbed by the underneath semiconductors. Such an effect can partially compensate for the effect of the larger Schottky barrier height. Thus, the decrease in photocurrents was much less significant, as compared to the decrease in dark currents. Figure 4 shows the measured photocurrent to dark current contrast ratios for these 2DEG MSM UV photodetectors. With a 5 V applied bias, it was found that we could achieve a high 2.3 × 10 4 photocurrent to dark current contrast ratio from the photodetector photo-CVD annealed at 550
• C. Figure 5 shows the measured responsivity spectrum of the photodetector photo-CVD annealed at 550
• C. During the measurement, we applied a 5 V bias on the photodetector. It was found that a sharp cut-off occurs at 360 nm. The UV to visible (360 nm/450 nm) rejection ratio was around 860 for this particular photodetector. With a 5 V bias, it was found that the maximum responsivity was 0.166 A W −1 , which occurred at 360 nm. However, it decreased to 1.93 × 10
when the light wavelength was increased to 450 nm. Such a spectral response is typical for visible-blind nitride-based UV photodetectors. It is known that the responsivity of photodetectors can be expressed by
where I p , P opt , η, q, h, ν, λ are the photocurrent, light power, quantum efficiency, electron charge, Planck constant, light frequency and light wavelength, respectively. For comparison, the theoretical spectral responses of photodetectors with constant 10, 50 and 100% quantum efficiencies were also plotted in the same figure. It can be seen that the maximum quantum efficiency of the 550
• C photo-CVD annealed AlGaN/GaN MSM UV photodetector was around 57%. Such a large quantum efficiency can again be attributed to the increased Ni/Au transmittance and the formation of p-NiO after photo-CVD annealing.
Conclusion
In summary, AlGaN/GaN 2DEG MSM UV photodetectors with photo-CVD annealed Ni/Au semi-transparent contacts were fabricated. It was found that the transmittances of Ni/Au films increased after annealing. It was also found that dark currents became significantly lower after annealing. With a 5 V applied bias, it was found that the photocurrent to dark current contrast ratio and the maximum responsivity were 2.3 × 10 4 and 0.166 A W −1 for photodetector photo-CVD annealed at 550
• C.
